Purpose: Many new genetic tests for susceptibility to adult-onset diseases are developed on the basis of selected and high-risk groups. Before such tests can be used in medical practice, however, epidemiologic studies must be conducted to evaluate their clinical sensitivity, specificity, and positive predictive value in the general population. For many common adult-onset diseases, this process may take decades of follow-up. Method: We illustrate how clinical validation of new predictive genetic tests can be done retrospectively using case-control studies that are derived from population-based registries of diseases. We use the examples of birth defects and cancer registries to illustrate a hypothetical process by which such tests can be clinically validated. Results: We demonstrate how such epidemiologic studies can be successfully used to derive measures of a test's sensitivity, specificity, positive predictive value, negative predictive value, and of the population attributable fraction of disease due to the disease-susceptibility genes. Under certain assumptions, data derived from population-based casecontrol studies provide adequate estimates of lifetime risks for disease (penetrance) among people with specified genotypes. Conclusions: With adequate protections of human subjects, studies involving population-based registries of disease will increasingly become valuable in validating the numerous genetic tests that will emerge from advances in human genetic research and the Human Genome Project. Genetics in Medicine, 2000;2(3): [186][187][188][189][190][191][192] 
The rapid pace of genetic discoveries has resulted in the proliferation of genetic tests for a wide variety of diseases. Currently, DNA-based tests are available for more than 600 conditions,' and more than 6,000 conditions have been mapped to specific chromosomes.~ Genetic tests of susceptibility to common adult-onset disorders in the general populations have become increasing available. Examples include tests for BRCA11 BRCA2 gene mutations in relation to breast and ovarian cancer,3-5 tests for apolipoprotein E-E4 allele in relation to Alzheimer disease,6,' and tests for hereditary prostate cancer 1 (HPCI) in relation to prostate c a n~e r .~.~ Before such genetic tests can be used in medical practice, their clinical validity needs to be established.I0 Determining the clinical validity of the tests involves measuring their clinical sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) with respect to disease occur- [Ir. Qlr,rtiht . Yong, Btttlr IIc,fictr untl P~.tlrnrrti Grrir.trir Rratrch, G,rlrcr t l~r Z I i s~~u c
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ond Prcv~trtro~r (CU(11, 4770 Bufitd Hi\))'. Arlrir~to, G. 4 0 3 4 1. rence." Ideally, estimates of these clinical measurements of genetic testing would come from large-scale population-based cohort studies; such studies, however, will take considerable time and resources. In this paper, we illustrate how clinical validation of new predictive genetic tests can be done retrospectively using incident case-control studies that are derived from population-based registries of diseases. We demonstrate how such epidemiologic studies can be successfully used to measure the clinical sensitivity, specificity, PPV, and NPV of such tests, as well as the population attributable fraction of disease due to the disease-susceptibility genes (i.e., the proportion of cases in the population attributable to a positive genetic test-an adjusted measure of clinical sensitivity). Under certain assumptions, data derived from population-based casecontrol studies provide adequate estimates of lifetime risk that people with specific genotypes have for common diseases (penetrance).
By genetic testing, we mean the analysis of a specific gene, its product, or function, or other DNA and chromosome analysis that is done to detect or exclude an alteration likely to be associated with a genetic disorder.I2 Others have provided a more detailed definition of genetic testing.I3 Here, we focus on genetic tests for susceptibility to common complex diseases in humans: the term "complex" disease implies that the inheritance of an allelic variant or even combination of alleles at multiple loci may increase risk but does not always result in the disease (incomplete penetrance). The primary objective of such testing is to determine the probability of developing a disease given a positive genetic test result. Such genetic tests for susceptibility differ from diagnostic genetic tests or population screening program for certain genetic diseases. The measurements used in the clinical validation of genetic testing can be applied to tests for various diseases with different ages of onset, such as birth defects, cancers, and cardiovascular disorders. In estimating lifetime risk for disease among carriers of diseasesusceptibility genes, we focus on common diseases with varying age of onset.
We use the examples of population-based birth-defect and cancer registries to illustrate a hypothetical process of clinically validating maternal MTHFR C677T mutation testing as a means of estimating child's risk for neural tube defects (NTDs) and BRCAl testing as a means of estimating a woman's risk for breast cancer.
The clinical validity of a genetic test reflects its ability to correctly classify people who have or will develop disease as test-positive and those who will not develop disease as testnegative. Measurements of validity include sensitivity, specificity, PPV, and NPV. Here, sensitivity is defined as the probability of a positive genetic test result among people who will develop disease, specificity is the probability of a negative genetic test results among people without the disease, PPV is the probability of developing disease among people with a positive test result, and NPV is the probability of not developing disease among people with a negative test result.14 The parameters needed to estimate these measurements can be obtained from a population-based registry and a case-control study derived from such a registry.
Population-based registries
Population-based registries involve a continuous and systematic process of collection, analysis, interpretation, and dissemination of descriptive information for the disease concerned as illustrated by birth defects and cancer registries.15-'8 For most population-based registries, the population usually represents residents within a specified geographic area, which may be a city, region, or nation. The primary objective of a population-based registry is usually to collect information on all new cases of the disease over time within the defined geographic region and monitor changes over time. The data collected from these registries provide basic information about the descriptive epidemiology of the health problems, such as the overall rate of the disease in the population and its change over time. Such information can also be used to evaluate intervention programs and to help formulate policy decision regarding health care and resource allocation.19 For the clinical validation of genetic testing, population-based registries can provide information about the overall disease rate in the population as well as serve as a framework for population-based case-control studies.
Population-based case-control study
Although population-based registries collect all cases of a disease with basic demographic information, they may not contain sufficient detailed information for in-depth epidemiologic studies. However, population-based registries can serve as a framework for investigators designing detailed epidemiologic research such as a population-based case-control study.
In a population-based case-control study, investigators ascertain all new cases of diseases diagnosed in a certain time interval in a defined population, and the control subjects are randomly chosen from the same underlying population.20 The advantages of population-based case-control studies include the ability to quantify the magnitude of disease risks in the underlying population, to estimate the population attributable risk for the disease due to specified risk factors, and to estimate the absolute risk for disease." For the clinical validation of genetic testing, such studies can be used to derive the sensitivity, specificity, PPV, and NPV of such tests. Under certain assumptions, one can also use data from case-control studies to estimate the life time risk (penetrance) of the common diseases with varying age of onset.
Estimations of sensitivity, specificity, PPV, and NW
For simplicity, we assume a single disease-susceptibility gene with two alleles. The estimations also apply to multiple alleles at multiple loci. If one views the result of genetic testing of disease-susceptibility genotype as a risk factor (positive or negative on the test), then estimating the probability of developing disease among people with disease-susceptibility genotype (PPV) can be done by estimating exposure-specific incidence rates using data from a case-control s t~d y .~~.~~ Table 1 shows how to estimate sensitivity, specificity, PPV, and NPV. For conditional probability, Bayes' theorem states that:
where Pk(D/G) = the annual risk of disease among people with a positive genetic test result for the disease-susceptibility gene in the kth age interval, which is, in other words, PPV; Pk(G/ D) = the probability of a positive test result for the diseasesusceptibility gene among case subjects in the kth age interval; P,(G/D) = the probability of a positive test result among control subjects in the kth age category; and Pk(D) = the prior probability of disease (overall rate of disease) among people in the kth age interval. To simplify, we assume P,(G/D) is constant across age. For most diseases, the annual risk and the incidence rate per person year will be nearly the same numerically.
Similarly, one can estimate NPV as follows:
where P , ( D /~) = the annual risk of disease among people with a negative genetic test result for the disease-susceptibility gene in the kth age interval (NPV); and P,(G/D) = probability of a Table 1 Estimation of a genetic test's "sensitivity," "specificity," positive predictive value (PPV), and negative predictive value (NPV) on the basis of data derived from a population-based case-control study "Sensitivity" = P(G/D) = a/N,: the probability that people with disease test positive. "Specificity" = P (GID) = d/N,: the probability that people without disease test negative.
PPV is the probability of developing disease in the kth age interval given a positive genetic test result (see text for estimation of PPV).
NPV is the probability of not developing disease in the kth age interval given a negative genetic test result (see text for estimation of NPV).
$k = the risk ratio (odds ratio) of having disease-susceptibility gene in the kth age interval.
negative test result for the disease-susceptibility gene among case subjects in the kth age interval.
It is important to note that the probability of people with the specified genotype developing disease is age dependent. For diseases expressed at birth, such as external structure malformations, k = 0; for all other diseases, k represents age at disease onset. If there is no matching or other important biases in subjects selection, one can estimate the test (genotype) probability among case and control subjects from the case-control study as Pk(G/D) = a/N,, and P,(G/D) = b/N, ( Table 1 ) . Thus, Pk(G/D) approximates the sensitivity of a genetic test, and pk(G/D) approximates the specificity of a genetic test in a follow-up cohort study. In this sense, we define Pk(G/D) and pk(G/D) as "sensitivity" and "specificity" ofthe test. For overall rate of disease in the population, Pk(D), the numerator represents the number of incidence cases in a specific time interval, and the denominator is the size of the population at risk. One may get these overall disease rates from population-based registries, for example, using data from birth defects surveillance programs or from the Surveillance, Epidemiology, and End Results Program (SEER) for cancer incidence rates in the general population.
If estimates of risk ratio for disease among carriers of the disease-susceptibility gene and the prevalence of disease-susceptibility gene in the population are available, the estimate of PPV can also be obtained by:
where rCI, = risk ratio for disease among carriers of the diseasesusceptibility gene in the kth age interval; and Pk(G) = the prevalence of the disease-susceptibility gene in the kth age interval in a population. The estimations of "sensitivity" and "specificity" can also be expressed in terms of $k, Pk(G) and Pk(D).14 In addition, using data from a population-based case-control study, one can estimate the population attributable fraction, which is the proportion of all new cases in a given period that were identified by a positive genetic test result. Assuming no confounding of genetic test-disease association, one can estimate attributable fraction using the following formula:24
where AFk is the population attributable fraction for age group k, fk is the proportion of people in age group k with the diseasesusceptibility gene in the population, and I +! J~ is risk of having the disease in question among those who have the diseasesusceptibility gene compared with those who have no diseasesusceptibility gene. Other formulas are also available for estimating the population attributable fraction.'5.'6 Estimation of lifetime risk (penetrance) of common diseases Formulas 1 and 3 provide the point estimates of the genotype-specific incidence rate by age; these estimates can be used to approximate the penetrance of the disease-susceptibility for diseases expressed at birth, such as birth defects, where k = 0. For common complex diseases with varying age at onset, we are interested in the cumulative risk over certain time intervals of the disease-susceptibility gene among people with positive test results, for example, the cumulative risk of BRCAl-gene mutation carriers for breast cancer by the different age group. To calculate cumulative risk, one can apply either formula 1 or 3, depending on the availability of data, to each age group to get separate estimates of the age-genotype-specific incidence rate, and calculate the cumulative incidence (risk):
where R, is the cumulative risk for disease (penetrance) among carriers of the disease-susceptibility genotype by the kth age group. IDk, is the age-genotype-specific incidence rate in the kth age group (i.e., j = 0 for carriers of the nonsusceptibility genotype and j = 1 for carriers of the disease-susceptibility genotype), and A, is the width of age interval. We estimate IDkj as P,(D/G) for j = 1 and P,(D/G) for j = 0, assuming 1 year risk, Pk(D/G), is rare. If we do not take into account other risk factors or competing risks, the cumulative risk for disease (R,) is equivalent to the penetrance of the disease-susceptibility genotype for diseases with varying ages of onset.
When the study is stratified by one or more risk factors such as smolung status, the above formulas may be applied to different strata to get stratum-genotype-specific estimates. The difference of estimates for different strata may provide some evidence of gene-environment interaction. Although Bayes' theorem is used mainly in prevalence and cumulative incidence studies, it also provides a good approximation in incidence density studies.20
Examples
We present two examples of how data from populationbased case-control studies can be used to estimate the "sensitivity," "specificity," PPV, and NPV of genetic tests, and to estimate the lifetime risk for disease (penetrance) among people with a disease-susceptibility gene. In one example, we use data derived from a population-based case-control study ofthe association between homozygosity for 5,lO-methylenetetrahydrofolate reductase (MTHFR) gene C677T mutation and risk for neural tube defects (NTDs). In the other example, we created a case-control data set to estimate, by age group, the penetrance of BRCAl-gene for breast cancer among carriers.
MTHFR and NTDs
Several recent studies reported an association between homozygosity for the MTHFR gene C677T mutation and risk for NTDs."-~O In a meta-analysis of that association, Botto and Yang31 found a pooled odds ratio of 1.73 (95% CI 1.39-2.16) among infants who were homozygous for MTHFR C677T variation and an odds ratio of 1.15 (95% CI 0.98-1.34) among those who were heterozygous for the mutation. Shaw et al.-1° investigated the joint effects of having MTHFR C677T genotype and maternal use of supplements containing folic acid on an infant's risk for NTDs in a population-based case-control study conducted in California (1987 California ( -1991 . The study genotyped the allelic variants of MTHFR in 214 liveborn case infants with spina bifida and 503 control infants without birth defects. Of the 2 14 case infants, 41 had two alleles for the mutation, 100 had one allele, and 73 had none; of the 503 control infants, the corresponding figures were 72, 213, and 218 with a estimated allele frequency of 35.5% (95% CI 32.5% to 38.5%) in the population. Table 2 shows our estimates of the "sensitivity," "specificity," PPV, NPV, and population attributable fraction of infants for MTHFR gene C677T mutation for risk of NTDs. The estimated prevalence of NTDs is approximately 1/1,000 in the general population. As shown in Table 2 , if homozygosity for the C677T variant is used to measure risk for NTDs, the "sensitivity" and PPV of such test are low, 19.2% and 0.14% respectively, and the NPV is high (99.9%). The estimated population attributable fraction of NTDs due to homozygosity for the MTHFR gene C677T mutation is approximately 7.9%.
BRCAl and breast cancer
To ensure sufficient numbers of case and control subjects for the second example, we used the results of Whittemore et to calculate the parameters necessary to estimate PPV, NPV, and lifetime risk for disease (penetrance). In that study, Whittemore et al., using data from three U.S. populationbased case-control studies, estimated that the percentages of breast cancer cases attributable to BRCAliBRCA2 mutations were 11.2%, 10.7%, 8.6%, and 5.8% for women aged 15-29, 30-39, 40-49, and 50-59 years, respectively, and the estimated carrier prevalence of BRCAl mutations in the U.S. population is approximately 0.0029 (P(G/D) ). Another study suggested that approximately 60% of BRCAl/BRCAZ mutation carriers were BRCAl carrier^.^' Therefore, we multiplied the estimates ofmitemore et ~1 . 3 ' estimates of the percentages of breast cancer attributable to BRCAliBRCA2 mutations by 0.6 to estimate the percentages attributable to BRCAl only (Pk(G/ D)). We used Equation 4b to estimate age-specific risk ratios
) and assumed that the proportion of people with the disease-susceptibility gene in the population was constant (f, = 0.0029 for all k). For overall disease rates P,(D), we used the SEER 1988 breast cancer incidence rate.3With these estimated parameters [Pk(D), $ ,, and P,(D)] , we then apply Equation 3 to estimate age-specific exposure rates (Pk(D/G)). Finally, we used Equation 5 [cumulative risk for disease (penetrance)] to estimate penetrance of breast cancer among BRCA1 mutation carriers (Table 3 ). Figure 1 presents our estimates of BRCA1-gene's penetrance among BRCAl carriers and the estimates of two other s t~d i e s .~~~-l~ These estimates were comparable, although we used estimates of the percentages of BRCA1 mutation carriers among case and control subjects from a published study.-12 This example illustrates how the population-based registries provide the estimates of absolute risk, how the population-based case-control study provides estimates of relative risk, and how one can then use these values to estimate lifetime risk (penetrance). It should be pointed out that the main pur- Table 2 Estimates of sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and population attributable fraction of infant for MTHFR gene C677T mutation and risk for NTDs using data from a population-based case-control study, California pose of our estimations is to illustrate how the clinical validity of genetic testing can be calculated using data from population-based case-control studies, not the precision of such estimates.
DISCUSSION
We illustrated how to use data derived from populationbased case-control studies in the clinical validation of genetic testing. We presented a simple yet valid method of estimating lifetime risks for disease among carriers of disease-susceptibility genes for common diseases with varying ages at onset. The rapid development of molecular genetics and the Human Genome Project will make genetic testing for various diseases increasingly feasible. Clinical validation of genetic testing is an important component to consider before such tests can be used in medical practice. Ideally, the clinical validation of such tests and the lifetime risk (penetrance) estimates of disease susceptibility will come from large-scale population-based cohort studies. However, in the absence of such studies, the simple approaches presented here may prove to be helpful in clinical validation of genetic tests and in determining the lifetime risk for disease (penetrance) among carriers of disease-susceptibility genes.
Other researchers who examined the relationship between genetic testing parameters (sensitivity, specificity, and PPV) and the frequency of disease-susceptibility genes, the frequency of the disease concerned, and the relative risk for the disease among carriers of disease-susceptibility genes concluded that the suitability of testing for a particular diseasesusceptibility gene depends on the objectives of the t e~t i n g . '~. '~ For most of the common complex diseases, any single diseasesusceptibility gene may increase a carrier's risk for disease only moderately, and the genotype frequency in the population may be relatively high.3' Under these circumstances, the sensitivity and PPV of genetic tests will tend to be low for rare diseases such as birth defects and cancers.
We presented our examples using data derived from population-based birth defects and cancer registries, which are well known disease registries. Other established population-based registries include registries for diabetes, stroke, and communicable disea~es.~~-~Vopulation-based registries for other common complex diseases, such as cardiovascular and mental disorders, are still relatively rare, which limits the application of the present method to other nonregistered diseases. In addition, some genes may increase carriers' risks for multiple health problems; for example, BRCAl mutations are associated with breast and ovarian cancers, and p53 gene variants are associated with multiple primary cancers. Population-based registries may be available for some, but not all of these diseases.
As with any case-control design, the definition and selection of case and control subjects are crucially important to the validity of the study findings. Particularly, the effects of population stratification may invalidate attempts to clinically validate a genetic test on the basis of data from a case-control study. For example, if a disease-susceptibility gene occurs more often in a particular ethnic population, and this population also has relatively high risk for the disease, the association of disease with genetic markers may be overestimated. To reduce such a spu-rious association between disease and genetic factors in a casecontrol study, the investigators should select the appropriate control subjects, possibly by matching control subjects with case subjects within major racial and ethnic subgroups; they should collect other cultural and anthropologic information and environmental factors for refined matching of case and control subjects; they should consider using DNA markers that characterize the genetic differences in subgroups of populations as the biological markers for population admixture."
In estimating lifetime disease risk (penetrance), our approach did not take into account other risk factors or competing risks. Feuer et al." presented an extended version of Equation 5 that accounts for competing risks. Although modelbased estimates of exposure-specific incidence rate and cumulative risk estimates developed for other studies [44] [45] [46] [47] can be used to make inferences about the general population, they are most useful when applied to assess individualized risk. 43, 44 A number of genetic analysis models have also been used to estimate the penetrance of disease-susceptibility gene^.^^,^^ The calculations used in these approaches, however, are more complicated and require specialized genetic analysis programs.
Clinical validity is only one of the criteria used to develop safe and effective genetic testing. Others include analytical validity, which measures the ability of a test to predict correctly the underlying genotype, and clinical utility, which measures the benefits and risks to people with positive and negative testing result^.^' Other important issues in the development of safe and effective genetic testing include the quality of laboratories performing genetic tests; patients' psychological responses to genetic testing; and the ethical, legal, and social implications of genetic testing, which are discussed by many other studies.10-13. [48] [49] [50] [51] [52] [53] [54] [55] The rapid advances in human molecular genetics and then Human Genome Project seen in the past few years indicate that within the next decade genetic testing will be increasingly widely used in population screening for susceptibility of various common diseases, and in the diagnosis of diseases, and management of patients. Data derived from population-based case-control studies can help researchers assess the clinical validity of such genetic testing and to estimate the lifetime risk for disease (penetrance) among carriers of disease-susceptibility genotypes.
